















































Humans	 have	 a	 difficult	 time	 distinguishing	 individual	 odorants	when	 presented	 in	mixtures,	
especially	when	the	number	of	odorants	exceeds	six.	Due	to	 this	 limitation,	 researchers	have	
evaluated	the	mode	in	which	brains	process	complex	odorant	mixtures,	elemental	or	configural	
perceptions,	 in	which	mixtures	maintain	the	odor	quality	of	the	parts	or	the	sum	of	the	parts	
create	 a	 new	 odor.	 Odor	 images	 are	 created	 by	 the	 brain	 as	 means	 to	 process	 configural	
mixtures.	Rum	is	a	distilled	spirit	that	possesses	an	aroma	distinction	that	is	easily	distinguished	
from	other	distilled	 spirits,	 thus	 creating	 the	 rummy	odor	object.	 In	 an	 attempt	 to	 explore	 if	





with	 the	 Ultra-Flash	 Profiling	 technique	 for	 the	 development	 of	 aroma	 descriptive	 terms	 to	
assist	 in	 the	 understanding	 of	what	 perceived	 aroma	 characteristics	 differentiate	 the	 various	
spirit	types.	The	X	and	Y	coordinates	and	descriptive	terms	of	the	samples	were	collected	and	
analyzed	 using	 Multiple	 Factor	 Analysis,	 producing	 factor	 maps	 and	 hierarchical	 clusters	 to	
visualize	the	degree	of	similarity	of	each	of	the	samples.	Rum	and	brown	whiskey	aromas	were	
regarded	 as	 most	 similar	 among	 all	 panelists,	 thus	 forming	 one	 cluster.	 The	 vodkas	 formed	
another	 cluster	 and	were	 considered	most	 different	 from	 the	 other	 spirit	 types.	Meanwhile,	




rummiest	 rums	 and	 thus	 used	 for	 further	 instrumental	 evaluation:	 Appleton	 Estate	 White,	
Appleton	Estate	12	Year,	and	Diplomatico	Reserva	Blanco.	Through	decreasing	headspace	gas	
chromatography,	seven	impact	compounds	were	identified,	with	five	of	them	being	detected	in	
all	 three	 rum	 samples.	 Next,	 headspace	 solid	 phase	 microextraction	 was	 utilized	 as	 a	 more	
sensitive	 verification	 step,	 identifying	 fourteen	 key	 odorants	 in	 the	 headspace	 fraction,	 with	
	 iii	
twelve	of	 them	being	detected	across	 the	 three	 rums.	 Stable	 isotope	dilution	analysis	paired	
with	 gas	 chromatography	 mass	 spectrometry	 was	 used	 for	 identification	 confirmation	 and	
quantitation	 of	 the	 compounds.	 Odor	 activity	 values	 (OAVs)	 were	 calculated	 for	 all	 of	 the	
quantitated	compounds,	leading	to	the	identification	of	nine	key	odorants	for	the	rummy	odor	
object:	 2-methylbutanal,	 3-methylbutanal,	 acetal,	 acetaldehyde,	 ethyl	 2-methylbutanoate,	








































































all	 the	 people	 I’ve	met,	 have	 led	me	 to	 be	 exactly	where	 and	who	 I	 am	 today.	God	 and	 the	















laughs,	 frustrations,	 and	 random	disappearing	 acts,	 you’ve	been	my	 rock.	Mom,	 thank	 you.	 I	
love	you	to	the	moon	and	back!	I	know	I’ve	made	you	proud.	
	



















































































































Everyday	we	are	 in	 constant	 interaction	with	odors;	whether	 it	 is	 the	 smell	 of	 a	 fresh	pot	of	
coffee	 being	 brewed	 in	 the	 morning,	 grass	 being	 cut	 in	 our	 neighborhood,	 an	 approaching	











Our	 brain	 processes	 complex	 mixtures	 of	 odorants	 as	 unified	 percepts	 called	 odor	 objects	
(Gottfried	2010).	Mixtures	of	odorants	can	either	be	heterogeneous	or	homogenous,	which	is	
indicative	of	the	odor	that	is	perceived.	A	homogenous	mixture	imparts	a	single	odor,	which	can	
be	 the	 result	 of	 a	 masking	 effect	 by	 one	 odorant	 over	 the	 others	 or	 can	 be	 due	 to	 the	
combination	of	odorants	taking	on	a	novel	odor	quality,	while	a	heterogeneous	mixture	allows	
the	perception	of	multiple	odorants	within	the	mixture	(Thomas-Danguin	et	al.	2014).	Difficulty	
arises	when	 trying	 to	 discern	more	 than	 three	 odorants	within	 a	mixture	 (Laing	 and	 Francis	
1989),	even	for	those	with	highly	trained	noses,	such	as	perfumers	or	flavorists,	which	suggests	
that	an	upper	detection	limit	may	exist	for	our	olfactory	system.	This	limitation	proposes	that	a	












Thus	 far,	 recombination	 techniques	 have	 been	 studied	 using	 a	wide	 variety	 of	 food	 aromas,	
ranging	from	cheddar	cheese	(Dacremont	&	Vickers	1994),	to	caramel	(Paravisini	et	al.	2014),	to	
wine	 (Guth	 1997).	 Many	 recombination	 studies	 have	 focused	 on	 the	 perception	 of	 the	 key	
odorants	within	a	food,	utilizing	odor	activity	values	and	omission	studies	(Grosch	2001).	There	
has	been	 limited	 research	 that	considers	 the	 importance	of	 the	odorants’	key	associations	as	
they	 pertain	 to	 a	 food’s	 aroma,	 when	 the	 odor	 quality	 of	 the	 individual	 compounds	 are	
dissimilar	from	the	aroma	of	the	overall	odor	object.	
	




mixture’s	overall	odor	 identity	due	 to	 the	association	of	 those	odorants,	 thus	suggesting	 that	
odor	objects	are	ratio	dependent,	as	well	as	compound	dependent.	
	
This	 study	 takes	 the	 concept	 of	 an	odor	 object	 and	 applies	 it	 to	 the	 complex	 aroma	of	 rum,	
which	for	the	sake	of	this	paper	has	been	deemed	the	term	“rummy”.	A	portion	of	the	limited	




insight	 on	 the	 key	 flavor	 compounds	 (Burnside	 2012;	 Franitza	 et	 al.	 2016;	 Ickes	 2017).	 The	
standard	 of	 identity	 for	 rum,	 set	 forth	 by	 the	 code	 of	 federal	 regulations	 in	 the	 US,	 leaves	
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encounter	 have	 great	 complexity,	 our	 brains	 are	 able	 to	 quickly	 identify,	 categorize	 and	
discriminate	 these	 odors.	 As	 an	 odor	 comes	 into	 contact	 with	 the	 olfactory	 epithelium,	
olfactory	 receptor	 neurons	 detect	 the	 odor,	 transmitting	 the	 coded	 information	 to	 olfactory	










Humans	 have	 a	 hard	 time	 processing	 and	 discriminating	 individual	 components	 of	 odor	
mixtures.	Studies	have	 found	 that	when	 the	presence	of	 five	 to	eight	odorants	exist	within	a	
mixture,	 people	 are	 only	 capable	 of	 identifying	 up	 to	 three	 of	 those	 odorants,	 regardless	 of	
their	 level	of	 training	or	aroma	expertise	 (Laing	and	Francis	1989;	 Jinks	and	Laing	1999).	 The	
inability	for	humans	to	distinguish	between	a	single	odorant	and	a	mixture	of	odorants	has	led	
to	 the	 conclusion	 that	 there	 are	 different	 types	 of	 mixture	 perceptions:	 elemental	 and	
configural	 (Kay	 et	 al.	 2005;	 Sinding	 et	 al.	 2011;	 Thomas-Danguin	 et	 al.	 2014;	 Romagny	 et	 al.	





2005).	 Figure	2.1	 illustrates	 the	 concept	of	odorant	perception	when	 there	are	 two	odorants	
within	 a	 mixture	 (Thomas-Danguin	 et	 al	 2014).	 An	 odor	 object	 is	 therefore	 processed	 as	 a	
configural	mixture	that	is	distinguishable	from	the	odorant	noise	within	the	environment.		
	
Due	 to	 the	 limited	 capacity	 of	 odor	 discrimination	within	mixtures,	 it	 can	 be	 suggested	 that	
complex	odors	 can	be	 recreated	by	 combining	a	 select	number	of	odorants	 to	 represent	 the	
whole	 (Rochelle	 et	 al.	 2018).	 This	 idea	 was	 evaluated	 by	 Le	 Berre	 et	 al.	 in	 2008,	 in	 which	
panelists	 evaluated	 individual	 and	 ternary	 mixtures	 of	 odorants	 that	 had	 individual	 odor	
qualities	 different	 from	 the	 target	 odor.	 When	 combined	 together	 in	 specific	 ratios,	 the	
strawberry	smelling	ethyl	isobutyrate,	the	caramel	smelling	ethyl	maltol,	and	the	violet	smelling	
allyl-α-ionone,	together	created	a	pineapple	odor	object	(Le	Berre	et	al.	2008).	A	similar	study	
was	 also	 performed	 by	 Rochelle	 et	 al.	 (2018),	 in	 which	 the	 odor	 image	 of	 potato	 chips	 was	
evaluated.	Methanethiol,	methional,	 and	2-ethyl-3,5-dimethylpyrazine	were	 the	key	odorants	
used	to	create	this	 image;	each	having	unique	odor	qualities	different	from	the	target,	rotten	
cabbage,	 potato	 and	 toast	 respectively.	Using	 sniff	 olfactometry,	 panelists	were	 subjected	 to	
brief	puffs	of	air	containing	the	individual	compounds,	so	that	they	could	be	easily	recognized,	












specifically	 Barbados	 after	 European	 colonization,	 but	 that	 has	 been	 up	 for	 some	 debate	
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(Stephenson	2017).	The	name	 rum	comes	 from	 the	 term	Rumbullion	meaning	“a	 spirit	made	
from	fermenting	cooked	sugar	cane	juice”,	which	was	first	used	in	the	West	Indies	during	the	

















also	 adjusted	 to	 4.5,	 typically	 with	 sulfuric	 acid,	 to	 reduce	 certain	 bacteria	 interactions	




are	 Saccharomyces	 and	 Schizosaccharomyces	 yeasts	 (Fahrasmane	 2014).	 The	 use	 of	 certain	
yeast	strains	can	alter	the	flavor	as	well	as	the	alcohol	yield,	but	the	timing	of	the	fermentation	
step	 also	 affects	 flavor	 development.	 The	 longer	 the	 fermentation	 step,	 the	 greater	 the	
quantity	of	flavor	compounds,	the	heavier	the	rum	(Stephenson	2017).	Saccharomyces	strains	
can	complete	 fermentation	 in	30	hours,	while	Schizosaccharomyces	 strains	can	 take	up	 to	15	
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is	 still	 used	 in	 small	distilleries	and	by	 specialty	producers,	 tending	 to	produce	heavier,	more	
full-bodied	rums	(Nicol	2003),	but	due	to	their	high-energy	consumption	and	low	efficiency,	pot	














less	 time-consuming	 process.	 With	 column	 distillation,	 there	 are	 typically	 two	 columns,	 an	
analyzer	 and	 rectifier.	 The	 number	 of	 columns	 can	 vary	 depending	 on	 the	 distillery.	 Each	
column	contains	multiple	perforated	plates	that	act	as	distilling	steps,	and	are	responsible	for	
the	 strength	 of	 the	 end	 product:	 the	 greater	 the	 number	 of	 plates,	 the	 purer	 the	 spirit.	 The	
wash	 is	 introduced	to	the	rectifier	column	through	a	coiled	pipe	 flowing	 from	top	to	bottom,	
heating	 as	 it	 passes,	 which	 is	 then	 led	 to	 the	 top	 of	 the	 analyzer	 column.	 Steam	 enters	 the	
analyzer	 column	 from	the	bottom,	which	 interacts	with	 the	heated	wash	as	 it	 falls	 top	down	
through	multiple	perforated	plates.	During	this	interaction,	the	ethanol	from	the	wash	and	the	
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aromatic	 molecules	 vaporize	 and	 rise	 to	 the	 top	 of	 the	 analyzer	 column	 flowing	 into	 the	









with	 additional	 flavor	 characteristics,	 thus	 the	maturation	 time	period	 as	well	 as	 the	 type	 of	
vessel	 used	affect	 the	 flavor	profile.	 Extraction	of	woody	 compounds	 from	 the	barrels,	 along	
with	 ethanol	 oxidation	 assists	 in	 the	production	of	 desired	 aroma	 characteristics,	while	 color	





After	ageing,	 the	 rum	goes	 through	a	blending,	or	mixing,	process	 in	which	 trained	blenders,	
specifically	a	master	blender,	utilize	their	sensory	expertise	to	create	rum	with	balanced	flavor,	
desired	mouth-feel,	 and	 consistent	 quality	 by	 taste	 and	 smell.	 Once	 the	master	 blender	 has	
determined	the	best	combination	of	distillates,	the	distillery	employees	will	follow	up	by	mixing	













Soon	 after	 the	Maarse	 and	 ten	Noever	 de	Brauw	 study,	 research	 into	 rum	aroma	and	 flavor	
increased	 with	 a	 comparison	 of	 the	 aroma	 composition	 in	 rum	 and	 whisky	 by	 gas	
chromatographs	(GC)	equipped	with	flame	ionization	detectors	(FID)	(Nykanen	et	al.	1968),	the	
identification	 of	 200	 volatiles	 during	 the	 flavor	 analysis	 of	 Jamaican	 rum	 by	 gas-liquid	
chromatography	and	mass	spectrometry	 (Liebich	et	al.	1970),	and	an	 in	depth	analysis	of	 the	
flavor	constituents	in	rum	by	ter	Heide,	Schaap,	Wobben,	de	Valois,	and	Timmer	in	1980,	where	
they	identified	over	400	compounds	in	both	rum	and	its	headspace	by	liquid	chromatography,	
gas	 chromatography	 mass	 spectrometry,	 nuclear	 magnetic	 resonance(NMR)	 and	 infrared(IR)	
spectroscopy.	 While	 at	 the	 time	 of	 publication,	 these	 findings	 were	 interesting	 and	 all	




arose,	 proving	 more	 useful	 for	 evaluation	 of	 aroma	 compounds	 in	 rum.	 Solid	 phase	
microextraction	 (SPME),	 gas	 chromatography-olfactometry	 (GCO),	 and	 aroma	 extraction	
dilution	analysis	(AEDA)	are	some	of	the	methods	that	have	been	utilized	over	the	last	twenty	
years.	 Lay-Keow	 Ng	 performed	 an	 analysis	 of	 vodkas	 and	 white	 rums	 by	 means	 of	 direct	
sampling	 SPME	 GC-MS	 in	 1999,	 identifying	 thirteen	 common	 compounds	 between	 the	 two	
spirits	using	a	polydimethylsiloxane	 (PDMS)	SPME	fiber	 (Ng	1999).	Professor	 Janusz	Pawliszyn	
invented	 SPME	 in	 1989	 as	 a	 one-step	 tool	 combining	 extraction,	 concentration,	 and	
derivatization	 methods	 into	 one	 solventless	 sample	 preparation	 technique	 that	 was	 simple,	
sensitive,	 and	 cost-efficient	 (Vas	 and	 Vekey	 2004).	 Using	 SPME	 as	 a	 means	 for	 volatile	
extraction,	either	from	direct	or	headspace	sampling,	has	its	advantages	and	disadvantages.	As	
an	 advantage,	 it	 is	 able	 to	 extract	 semi-volatiles	 that	 are	 only	 present	 in	 trace	 amounts	 (Ng	
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1999).	The	 lack	of	necessary	extraction	 solvent	also	makes	 this	method	appealing.	The	SPME	
fiber	 is	 made	 of	 fused	 silica	 with	 variable	 stationary	 phase	 coatings,	 which	 can	 be	 either	
beneficial	or	disadvantageous	depending	on	the	researchers’	knowledge	of	the	compounds	up	
for	consideration	within	the	desired	sample.	Pino	et	al.	(2002)	utilized	headspace	SPME	paired	
with	GC-FID	to	 identify	ethyl	esters	 in	white	 rum	aroma.	HS-SPME	was	utilized	because	of	 its	
simplicity,	quickness,	reproducibility,	and	recovery	ability.	The	limitation	of	this	method,	when	
evaluating	distilled	beverages,	such	rum,	exists	in	the	intensity	and	interference	of	the	ethanol,	
thus	 reduction	 of	 the	 alcohol	 concentration	 is	 an	 essential	 sample	 preparation	 step	 prior	 to	
exposing	the	SPME	fiber	(Pino	et	al.	2002).		
	
Gas	 chromatography	olfactometry	 (GCO)	utilizes	 the	human	nose	 as	means	 for	 selective	 and	
sensitive	 odorant	 detection.	 De	 Souza	 implemented	 GCO	 in	 rum	 aroma	 research	 in	 2006	 by	
characterizing	and	comparing	the	aroma	compounds	important	to	cachaça	and	rum	(De	Souza	
et	 al.	 2006).	 Through	 calculation	 of	 the	 compound’s	 odor	 spectrum	 values	 (OSV),	 they	were	
able	 to	determine	 the	most	potent	odorants	 in	 rum:	β-damascenone,	diethyl	 acetal,	 ethyl	 2-
methyl	 butyrate,	 ethyl	 isobutyrate,	 β-methyl-γ-octalactone,	 and	 an	 unknown	 mold	 smelling	
compound.	GCO	was	also	used	in	a	later	study	by	Pino,	Tolle,	Gök,	and	Winterhalter	in	2012,	in	
which	they	characterized	the	odor	active	compounds	in	aged	rum.	The	concept	of	odor	activity	
values	 and	 AEDA	 technique	 was	 utilized	 in	 this	 study,	 OAV	 being	 a	 ratio	 of	 odorant	




Two	 studies	 on	 rum	 aroma	 were	 recently	 performed	 in	 our	 laboratory,	 one	 comparing	 the	
compound	 similarities	 between	 rum	 and	 rum	 ether	 aroma	 (Burnside	 2012)	 and	 the	 other	
identifying	and	comparing	the	odor	active	compounds	in	nine	premium	aged	and	mixing	rums	
(Ickes	 2017).	 Both	 studies	 utilized	 the	 AEDA	 technique	 previously	 mentioned	 by	 Pino	 et	 al.	
(2012)	 and	 created	 by	 Grosch	 in	 1993.	 The	 extract	 being	 analyzed	 is	 serially	 diluted	 and	
evaluated	by	GCO	until	no	odor	 can	be	detected,	which	can	vary	based	on	 the	 sniffer’s	nose	
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sensitivity.	The	compounds	detected	are	given	a	flavor	dilution	(FD)	factor	based	on	the	lowest	
detection	 level	 (Grosch	 1993).	 In	 Burnside’s	 study	 (2012),	 the	most	 potent	 odorants	 in	 rum	
were	 identified	 as	 ethyl	 propanoate,	 ethyl	 isobutyrate,	 isoamyl	 alcohol,	 acetid	 acid,	 β-
damascenone,	phenethyl	alcohol,	cis-whiskey	lactone,	and	vanillin.	In	Ickes’	study	(2017),	sixty-
four	odor	active	compounds	were	identified	between	the	nine	rums,	thirty-four	of	them	were	
quantitated,	 and	 fifteen	 were	 found	 to	 have	 OAVs	 greater	 than	 one	 in	 all	 nine	 rums:	 2-
methylpropanal,	 acetal,	 3-methylbutanal,	 2-methylbutanal,	 ethyl	 2-methylpropanoate,	 ethyl	
butanoate,	ethyl	2-methylbutanoate,	ethyl	3-methylbutanoate,	3-methyl-1-butanol,	 2-methyl-




One	 of	 the	 most	 in	 depth	 analyses	 of	 rum	 aroma	 was	 done	 by	 Franitza,	 Granvogl,	 and	
Schieberle	 (2016),	 in	which	 they	 compared	 two	 rums	of	 different	 price	 and	 ageing	 points	 by	
AEDA	 paired	 with	 GCO,	 quantitation	 by	 GC-MS	 paired	 with	 stable	 isotope	 dilution	 analysis	





Napping	 emerged	 to	 the	 sensory	 evaluation	 scene	 in	 2003,	 as	 an	 alternative	 method	 to	
conventional	 descriptive	 profiling,	 providing	 a	more	 rapid	 and	 holistic	 profiling	 technique	 for	
food/beverage	evaluation	(Dehlholm	et	al.	2012).	The	idea	behind	the	method	is	that	through	










By	 using	 a	 tablecloth,	 or	 sheet	 of	 paper,	 panelists	 are	 instructed	 to	 arrange	 simultaneously	
presented	 samples	according	 to	 their	perceived	 similarity;	hence	 the	 closer	 two	 samples	are,	
the	more	alike	they	are.	The	traditional	Napping	technique	leaves	the	arrangement	criteria	to	
the	 panelists’	 discretion,	 thus	 whether	 they	 want	 to	 arrange	 by	 factors	 such	 as	 taste,	
appearance,	or	smell,	 is	completely	up	to	them	(Pages,	2003).	A	modified	version	of	Napping,	
called	Partial	Napping,	was	introduced	by	Pfeiffer	&	Gilbert	in	2008,	and	validated	by	Dehlholm	
et	 al.	 in	 2012,	 in	 which	 Napping	 was	 conducted	 based	 on	 a	 specific	 sensory	 modality.	 This	
method	reduces	the	amount	of	variability	between	panelists,	and	also	proved	to	be	 less	time	
consuming	 than	 conventional	 profiling.	While	Napping	 can	be	performed	by	 either	 novice	 or	
expert	panelists,	 the	number	of	panelists	needed	for	 the	study	 is	dependent	on	their	 level	of	








beverages	 in	 one	 study.	 Louw	 et	 al.	 (2013)	 validated	 both	 methods	 using	 Brandy	 as	 the	
evaluation	 product.	 Two	 sample	 sets,	 one	 containing	 five	 brandies	 with	 the	 addition	 of	 a	
replicate,	 and	 the	 other	 with	 nine	 brandies	 and	 the	 addition	 of	 a	 replicate,	 were	 analyzed.	
Conventional	 descriptive	 profiling	 was	 performed	 prior	 to	 global	 napping	 on	 all	 nine	 of	 the	
brandies	 to	 establish	 a	 descriptive	 basis	 as	 well	 as	 provide	 basic	 evaluation	 training	 for	 the	
panelists.	 The	Napping	 instructions	were	 as	mentioned	 previously	 including	 the	 use	 of	 ultra-
flash	 profiling,	 while	 the	 Partial	 Napping	 method	 evaluated	 three	 modalities:	 appearance,	
aroma	 and	 in-mouth	 sensations,	 including	 flavor,	 mouthfeel	 and	 basic	 taste.	 This	 study	
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concluded	that	Partial	Napping	provided	better	results	due	to	it	being	a	more	focused	task,	but	









can	be	detected,	 similar	 to	 the	AEDA	method.	GCO-H	has	 since	been	used	 to	 determine	 the	
impact	 odorants	 in	 Arabica	 and	 Robusta	 coffee	 (Blank	 2002),	 stewed	 beef	 juice	 (Guth	 and	
Grosch	1994),	and	the	sulfur	compounds	in	roasted	garlic	(Cadwallader	et	al.	2011).	FD	factors	
are	 calculated	 in	 order	 to	 estimate	 odor	 potency	 of	 the	 impact	 compounds:	 the	 lower	 the	
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quick	way	 to	generate	descriptive	data	about	a	 set	of	products.	Developed	by	 Jerome	Pagès,	
Napping	received	its	name	from	the	French	word	for	tablecloth,	which	was	the	initial	item	used	
for	 completion	 of	 the	 evaluation	 task	 (Pagès,	 2003).	 Napping	 is	 considered	 a	 holistic	 and	
explorative	approach	to	descriptive	analysis	(Reinbach,	et	al.	2013).	 	 It	analyzes	the	perceived	
similarity	 of	 a	 set	 of	 products	 using	 Euclidean	 distances,	 by	 having	 panelists	 create	 a	 2-
dimmensional	 sensory	 map	 of	 the	 sample	 set,	 wherein	 the	 samples	 closest	 together	 are	
perceived	 as	 most	 similar	 and	 the	 samples	 furthest	 apart	 are	 perceived	 as	 very	 different	
(Dehlholm,	 et	 al.	 2012a).	 It	 is	 often	 paired	 with	 Ultra-Flash	 Profiling,	 a	 method	 in	 which	
panelists	 provide	 descriptive	 terms	 for	 the	 samples	 (Perrin,	 et	 al.	 2008),	 thus	 allowing	 the	




analysis	 (Louw,	 et	 al.	 2013;	 Dehlholm,	 et	 al.	 2012a).	 Both	 novice	 and	 expert	 panelists	 can	
perform	the	task,	making	it	an	appealing	evaluation	method	for	consumer	testing.	The	lack	of	a	









attribute	 they	 deem	 important.	 However,	 a	 new	 variation	 of	 Napping	 has	 been	 developed,	
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called	 Partial	 Napping	 (PN).	 PN	 follows	 the	 same	 instruction	 as	 Napping,	 but	 limits	 the	





and	 Y	 coordinates	 are	 collected	 for	 each	 sample,	 along	 with	 an	 accumulation	 of	 descriptive	




Both	Napping	 and	 PN	 have	 been	 explored	 using	 alcoholic	 beverages	 (Giacalone,	 et	 al.	 2016;	




types	 (n=5).	 Eleven	 rums,	 two	 cachaças,	 three	 tequilas,	 four	whiskeys,	 and	 two	 vodkas	were	
chosen	 as	 spirit	 representative	 samples	 for	 evaluation	 on	 the	 basis	 of	 internet-reviews	 on	
product	 aroma,	overall	 rating,	 familiarity,	 and	availability	 to	purchase	 locally.	 The	aim	of	 this	
research	 was	 to	 implement	 Partial	 Napping	 paired	 with	 Ultra-Flash	 Profiling	 to	 evaluate	
perceived	 aroma	 similarities	 of	 multiple	 alcoholic	 beverage	 types,	 utilizing	 the	 accumulated	
descriptive	terms	for	better	understanding	of	spatial	separation,	with	a	certain	 interest	 in	the	
















Panelists	 were	 recruited	 to	 participate	 in	 the	 study	 by	 completing	 an	 online	 questionnaire,	
Figure	3.1.	Panelists	were	 then	 screened	 for	 their	 ability	 to	distinguish	and	group	aromas,	 as	
well	as	follow	the	testing	procedure.	On	prescreening	day,	panelists	were	presented	with	nine	
standard	 solution	 samples	 in	 scintillation	 vials	marked	with	 a	 3-digit	 code	 (see	 Table	 3.2	 for	
standard	information),	a	blank	sheet	of	8	½	in.	by	11	in.	paper,	a	pencil,	and	testing	instructions.	
The	standards	chosen	as	prescreening	samples	were	selected	based	on	their	odor	qualities.	The	
standards	 were	 representative	 of	 three	 aroma	 categories:	 sweet,	 floral,	 and	 fruity.	
Concentration	 of	 each	 standard	 solution	 was	made	 well	 above	 the	 odor	 threshold	 range	 as	




of	 paper	 on	 the	 basis	 of	 aroma	 similarity.	 	 If	 samples	 were	 perceived	 as	 similar,	 they	 were	
placed	 close	 together	 and	 if	 they	 were	 perceived	 as	 different,	 they	 were	 placed	 far	 apart.	
Panelists	were	also	instructed	to	freely	group	samples	together	as	they	saw	fit.		After	arranging	
the	 samples	 on	 the	 paper,	 panelists	 marked	 the	 location	 of	 the	 sample	 with	 an	 X	 and	 the	
sample’s	 3-digit	 code.	 Descriptive	 terms	 were	 written	 next	 to	 the	 samples	 and/or	 sample	
groups	 formed	 by	 the	 panelists.	 The	 aforementioned	 procedure	 is	 a	 combination	 of	 Partial	
Napping	(PN)	paired	with	Ultra-Flash	Profiling	(UFP)	as	described	by	Dehlholm,	et	al.	(2012a).		
	











mask	 the	 physical	 attributes	 of	 the	 contents	 and	 coded	with	 a	 3-digit	 number.	 Each	panelist	
completed	the	study	in	standard	sensory	booths	that	were	maintained	between	22-25°C.		
	







the	Y	axis	and	 the	bottom	 left	 corner	of	 the	paper	as	 the	origin	 (0,	0).	The	coordinates	were	
measured	 in	 inches	and	mathematically	 converted	 to	millimeters.	The	qualitative	 terms	were	
collected	 for	 each	 sample	 on	 a	 citation	 basis.	 If	 a	 term	was	 used	 to	 describe	 a	 sample,	 the	
sample	was	given	a	value	of	1	for	that	term.	If	the	term	was	not	used,	the	sample	was	given	a	
value	 of	 zero	 for	 that	 term.	 In	 the	 data	 set,	 the	 descriptive	 terms	 acted	 as	 supplementary	
variables	as	opposed	to	active	variables.		
	
Multiple	 Factor	 Analysis	 (MFA)	 was	 performed	 on	 the	 collected	 data,	 using	 the	 FactoMineR	
package	 for	 RStudio	 statistical	 software	 (Escofier	 &	 Pagès,	 1994;	 Lê,	 et	 al.	 2008),	 producing	




A	 group	 of	 five	 panelists	 (3	 male	 and	 2	 female)	 previously	 trained	 on	 rum	 spirit	 taste	 and	











the	 study	was	 restricted	 to	only	one	sensory	modality,	aroma,	we	can	 see	 that	each	panelist	
maintained	 their	 own	 criteria	 for	 sample	 arrangement,	 resulting	 in	 no	 two	 PN	 sheets	 being	
exactly	alike.	A	 compilation	of	all	 the	 sample	data	points	 for	all	panelists	 can	be	 seen	 in	one	




MFA	 compares	 qualitative	 and	 quantitative	 variables	 for	 individual	 sample	 sets,	 taking	 into	
account	the	distances	between	samples	(Escofier	&	Pagès,	1994).	For	better	visualization	of	the	
data,	 factor	 maps	 were	 produced	 using	 R	 Studio	 statistical	 software.	 For	 configuration	
purposes,	each	panelist	was	considered	a	group.	Thus	creating	seventeen	groups	with	an	X	and	
Y	 coordinate	 for	 each	 sample.	 A	 factor	map	 of	 the	 variables	 responsible	 for	 the	 dimensions	
created	by	MFA	are	shown	in	Figure	3.5.		
	
Dimensions	 are	 developed	 as	means	 to	 explain	 the	 amount	 of	 variance	within	 the	 data	 set.	
Dimension	1	accounted	 for	22.9%	of	 the	variance,	while	dimension	2	accounted	 for	17.7%	of	




and	2	only	account	 for	40.6%	of	 the	 total	variance	of	 the	data	set,	while	dimensions	3	and	4	
account	9.7	and	8.3	%,	 respectively.	The	screen	plot	 in	Figure	3.6	only	visualizes	 the	 first	 ten	
dimensions	of	a	total	of	21	dimensions	that	accounted	for	100%	of	the	variance.	The	amount	of	
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The	 spatial	 relationship	of	 the	 individual	products	 is	 represented	by	 factor	mapping	 in	Figure	
3.7.	From	this	 figure	we	can	see	that	 the	panelists	were	able	 to	 take	samples	 from	five	spirit	
types	 and	 arrange	 them	 into	 respective	 groups.	 It	 was	 expected	 for	 the	 rum	 and	 whiskey	
samples	 to	be	potentially	grouped	as	one	product	 type	due	 to	 their	 similar	aroma	attributes.	
This	 figure	 also	 illustrates	 the	 contribution	 of	 each	 sample	 to	 the	 development	 of	 the	
dimension.	 From	 this	 factor	map	we	are	 able	 to	 visualize	 the	optimal	number	of	 clusters	 for	
hierarchical	clustering.		
	
Three	 clusters	 were	 developed	 by	 hierarchical	 clustering	 of	 the	 MFA,	 as	 shown	 in	 the	
dendrogram	 in	 Figure	 3.8.	With	 focused	 interest	 on	 the	 spatial	 similarities,	 descriptive	 terms	









chocolate,	 wood,	 pure,	 minty,	 earthy,	 floral,	 fermented,	 rancid,	 nutty	 and	 sour.	 This	 cluster	
contained	all	of	the	rums	and	all	the	brown	whiskeys.		
	
Using	 the	 bootstrapping	 technique	 developed	 by	 Dehlholm,	 et	 al.	 (2012b),	 95%	 confidence	




It	 is	 predicted	 that	 if	 the	 study	 were	 done	 in	 replications,	 the	 size	 of	 the	 ellipses	 would	
decrease.			
	
With	 the	 data	 collected	 from	 this	 study,	 significant	 aroma	 attribute	 differences	 between	 the	
samples	cannot	be	determined.	Rather,	the	information	serves	as	a	preliminary	step	observing	
the	 perceived	 aroma	 similarities	 between	 different	 types	 of	 alcoholic	 spirits,	 allowing	 us	 to	
confirm	 that	 a	 distinction	 does	 exist	 between	 rum,	 whiskey,	 tequila,	 cachaça,	 and	 vodka	
aromas.	 The	 distinction	 between	 rum	 and	whiskey	 could	 not	 be	 evaluated	 in	 this	 study,	 but	
from	 the	 factor	map	 (Figure	 3.7)	we	 see	 that	 there	 is	 spatial	 separation	between	 the	brown	




have	distinct	and	 intense	odor	qualities,	 such	as	vanillin	and	whiskey	 lactones	 (Franitza	et	al.	
2016).	Dark	and	golden	rums	give	off	sweet,	caramel,	vanilla	and	spicy	notes,	while	clear	rums	
often	 do	 not	 have	 such	 intense	 aroma	 characteristics.	 For	 detailed	 information	 about	 the	
aroma	 distinction	 of	 each	 spirit	 type,	 a	 conventional	 descriptive	 analysis	 panel	 may	 be	
performed,	but	that	was	not	within	the	scope	of	this	research.		
	




Havana	 Club	 (HC3),	 J	Wray	 Silver	 (JW),	 Captain	Morgan	White	 (CM),	 Appleton	 Estate	White	
(AW),	Diplomatico	Reserva	Blanco	(DW),	and	Appleton	Estate	12	Year	(AE12),	ranked	from	least	
to	most	rummy,	respectively.	Interestingly,	AW	and	DW	were	considered	aromatically	similar	in	
the	PN	study,	as	seen	 in	Figure	3.7,	while	AE12	was	more	similar	 to	 the	whiskeys,	which	was	





characteristic	 to	 HC3.	 Spatially,	 the	 six	 rummy	 samples	 chosen	 by	 the	 focus	 group	 could	 be	
categorized	into	two	clusters	according	to	the	factor	map	in	Figure	3.7,	one	containing	AW,	DW,	
and	HC3	 and	 the	 other	 containing	 JW,	 AE12,	 and	 CM,	which	 one	 can	 presume	 that	 the	 two	
groups	 should	 be	 aromatically	 similar.	 When	 looking	 at	 the	 aroma	 descriptors	 given	 by	 the	
focus	 group,	 Table	 3.3,	 the	 samples	mentioned	 in	 the	 aforementioned	 clusters	 show	 similar	
aroma	characteristics.	AE12,	CM,	and	 JW	maintain	 sweet,	dark	 fruit,	 vanilla	notes,	while	DW,	
AW,	 and	 HC3	 have	 a	more	 noticeable	 fruity	 characteristic.	 AE12	 and	 AW	 are	 both	 Jamaican	
rums	from	the	same	manufacturer,	both	undergo	the	same	manufacturing	and	aging	processes,	
but	 with	 AW	 being	 simplified	 through	 carbon	 filtration,	 thus	 removing	 color	 and	 impurities.	
Even	 with	 the	 filtration,	 AW	 maintains	 the	 rummy	 characteristic,	 although	 less	 intense	
according	to	the	focus	group’s	ranking	order	of	the	most	rummy	samples.	The	three	rummiest	
samples,	 AE12,	 DW,	 and	 AW	 were	 selected	 for	 gas	 chromatography-olfactometry	 (GC-O)	
























51	Brazil	 Cachaca	 51C	 clear	 40	 Brazil	
Leblon	 Cachaca	 LC	 clear	 40	 Brazil	
Appleton	Estate	12	Year	 Rum	 AE12	 brown	 43	 Jamaica	
Appleton	Estate	White	 Rum	 AW	 clear	 40	 Jamaica	
Bacardi	Gold	 Rum	 BG	 yellow	 40	 Puerto	Rico	
Bacardi	Superior	 Rum	 BS	 clear	 40	 Puerto	Rico	
Banks	5	Island	 Rum	 BI	 clear	 43	 Jamaica	
Captain	Morgan	White	 Rum	 CM	 clear	 40	 Puerto	Rico	
Diplomatico	Reserva	Blanco	 Rum	 DW	 clear	 40	 Venezuela	
Havana	Club	Anejo	3	Year	 Rum	 HC3	 clear	 40	 Cuba	
J.	Wray	Jamaican	Silver	 Rum	 JW	 clear	 40	 Jamaica	
Kirk	&	Sweeney	12	Year	 Rum	 KS12	 brown	 40	 Dominican	Republic	
Ron	Zacapa	 Rum	 RZ	 brown	 40	 Guatemala	
Casamigos	Reposado	 Tequila	 CT	 clear	 40	 Mexico	
Don	Julio	Blanco	 Tequila	 DT	 yellow	 40	 Mexico	
Jose	Cuervo	Gold	 Tequila	 JT	 yellow	 40	 Mexico	
Svedka	 Vodka	 SV	 clear	 40	 Sweden	
Tito's	 Vodka	 TV	 clear	 40	 United	States	
Buffalo	Trace	White	Dog	 Whiskey	 BT	 clear	 62.5	 United	States	
Bulleit	Rye	 Whiskey	 BW	 brown	 45	 United	States	
Evan	Williams	Single	Barrel	 Whiskey	 EW	 brown	 43.3	 United	States	
























Benzaldehyde	 1	ppm	 Sigma	 99.5	 Milwaukee,	WI	
Ethyl	acetate	 1	ppm	 Applied	Biosystems	 99.5	 Foster	City,	CA	
Vanillin	 1	ppm	 Aldrich	 99	 St.	Louis,	MO	
Benzyl	acetate	 10	ppb	 Aldrich	 99	 St.	Louis,	MO	
Gamma-decalactone	 10	ppb	 Bedoukian	 96	 Danbury,	CT	
Isoamyl	acetate	 5	ppb	 Aldrich	 99	 St.	Louis,	MO	
Linalool	 5	ppb	 Sigma	 95-97	 St.	Louis,	MO	
Alpha-ionone	 10	ppm	 Bedoukian	 97	 Danbury,	CT	






























































































































































































































































































According	 to	Title	27,	 section	5.22	of	 the	Code	of	Federal	Regulations	 (2016),	 in	order	 for	an	
alcoholic	 spirit	 to	 be	 declared	 rum	 it	must	 be	 of	 no	 less	 than	 40%	 alcohol	 by	 volume	when	
bottled	and	be	distilled	from	fermented	sugar	cane,	syrup,	molasses,	or	sugar	cane	by-products.	




raw	 ingredients	 used	 and/or	 different	 stages	 of	 the	 manufacturing	 process.	 The	 aroma	
distinction	suggests	that	rum	aroma	can	be	identified	as	an	odor	object.	This	rummy	odor	can	





studies	 have	 focused	 either	 on	 the	 overall	 flavor	 profile,	 all	 volatiles,	 or	 the	 aroma	 of	 select	
rums,	but	none	have	taken	 into	consideration	the	aroma	commonality	 that	occurs	across	 the	
spirit	 type	 (dark,	 gold,	 and	 white	 rum).	 In	 order	 to	 identify	 the	 compounds	 that	 comprise	
rumminess,	 both	 white	 and	 dark	 rum	 must	 be	 evaluated	 for	 common	 key	 odorant	
denominators.	 Decreasing	 headspace	 gas	 chromatography-olfactometry	 (GCO-H)	 has	 been	
used	in	identification	of	potent	odorants	in	green	and	black	tea	powders	(Guth	&	Grosch	1993),	
the	malty	flavor	in	buckwheat	honey	(Zhou	et	al.	2002),	and	more	recently	the	identification	of	
sulfur	 volatiles	 in	 garlic	 (Cadwallader	 et	 al.	 2011).	 	 GCO-H	 allows	 for	 identification	 of	 highly	
volatile	 compounds	 that	 can	be	 lost	 during	 various	 sample	preparation	methods	 (Zhou	et	 al.	
2002).	 Headspace	 solid	 phase	 microextraction	 gas	 chromatography-olfactometry	 (HS-SPME	
GCO)	has	been	a	useful	method	for	identification	of	volatiles	in	alcoholic	beverages	(Pino	et	al.	
2001;	Ng	et	al.	1996;	De	La	Calle	Garcia	&	Reichenbacher	1999),	for	it	allows	higher	sensitivity	
during	 analysis	 of	 volatile	 compounds,	 even	 at	 trace	 levels,	without	 the	 use	 of	 an	 extraction	
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solvent.	 The	precision	of	 the	 stable	 isotope	dilution	assay	 (SIDA)	method	 in	 conjunction	with	




















and	 Appleton	 Estate	 12	 Year	 Rum	 (Jamaica).	 Samples	 were	 stored	 at	 ambient	 temperature	
(~23°C	 )	until	 analysis.	 The	use	of	brand	names	 for	 the	aforementioned	 rums	does	not	 imply	







for	 30	minutes	 prior	 to	 pulling	 from	 the	 headspace	 decreasing	 volumes	 (5,	 2.5,	 1.25,	 0.625,	
0.313		or	0.156	mL).	Gas-tight	syringes	were	heated	at	50°C,	headspace	volume	was	withdrawn	
and	 injected	 into	 a	Gerstel	 (Germany)	 CIS-4	 cooled	 injection	 system	operating	 in	 the	 solvent	








times	 of	 5	 and	 30	minutes.	 Helium	was	 used	 as	 the	 carrier	 gas	 at	 a	 constant	 flow	 rate	 of	 5	




The	 three	 commercial	 rum	 products	 previously	 mentioned	 were	 prepared	 by	 reducing	 the	
ABV%	 from	40%	 to	 10%	with	 the	 addition	 of	 deodorized	water.	 The	 samples	were	 placed	 in	
50mL	Supelco	Serum	Type	Reaction	Vials	(Bellefonte,	PA),	along	with	a	stir	bar,	and	sealed	with	
a	PTFE-faced	septum	cap.	The	vials	were	placed	in	a	40°C	water	bath	and	stirred	for	30	minutes.	













test	 tube:	 10	 mmol	 of	 organic	 acid;	 200	 μL	 of	 d5-ethanol	 (158	 mg;	 3	 mmol)	 and	 1	 drop	 of	
concentrated	H2SO4.	The	test	tube	was	sealed	with	a	PTFE-lined	screw	cap	and	placed	in	a	large	
bottle	 or	 beaker	 to	 protect	 against	 breakage	 and	 then	 incubated	 80	 °C	 oven	 for	 2	 h.	 	 After	
cooling	to	room	temperature,	the	mixture	was	diluted	with	pentane	(10	mL)	and	then	5	mL	of	
aqueous	saturated	Na2CO3	solution	was	added.	The	aqueous	 layer	was	 removed	the	pentane	
layer	was	washed	 again	with	Na2CO3	 (5	mL).	 (This	 step	 is	 necessary	 in	 order	 to	 remove	 any	
unreacted	acid.).	 	The	pentane	layer	was	washed	with	aqueous	saturated	NaCl	(2	x	5	mL)	and	
then	dried	over	anhydrous	Na2SO4.	The	solvent	(pentane)	was	evaporated	off	to	yield	the	ester,	
generally	 in	 high	 purity	 (>99+%).	 If	 needed,	 the	 ester	 was	 further	 purified	 by	 flash	
chromatography	on	silica	gel	using	100%	pentane	as	elution	solvent.		
	
2-Methylpropyl	 [2H3]-acetate	 and	 3-methylbutyl	 [
2H3]-acetate.	 	 The	 following	 reagents	 were	
added	to	a	20-mL	screw	top	test	tube:	8	mmol	(500	mg)	of	2H3-acetic	acid	plus	5.4	mmol	(400	
mg)	 of	 2-methyl-1-propanol	 [or	 5.7	 mmol	 (500	 mg)	 of	 3-methyl-1-butanol)	 and	 1	 drop	 of	
concentrated	H2SO4.	The	test	tube	was	sealed	with	a	PTFE-lined	screw	cap	and	placed	in	a	large	
bottle	 or	 beaker	 to	 protect	 against	 breakage	 and	 then	 incubated	 80	 °C	 oven	 for	 2	 h.	 	 After	
cooling	to	room	temperature,	the	mixture	was	diluted	with	pentane	(10	mL)	and	then	5	mL	of	
aqueous	saturated	Na2CO3	solution	was	added.	The	aqueous	 layer	was	 removed	the	pentane	
layer	was	washed	 again	with	Na2CO3	 (5	mL).	 (This	 step	 is	 necessary	 in	 order	 to	 remove	 any	
unreacted	acid.).	 	The	pentane	layer	was	washed	with	aqueous	saturated	NaCl	(2	x	5	mL)	and	
then	dried	over	anhydrous	Na2SO4.	The	solvent	(pentane)	was	evaporated	off	to	yield	the	ester,	




2H2]-2-methylbutanal.	 	 A	 working	 solution	 of	 [
2H2]-2-
methylpropanol	and	 [2H2]-2-methylbutanal	 (I-1)	was	 synthesized	 in	 two	 steps,	beginning	with	
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the	 synthesis	 of	 an	 unsaturated	 alcohols	 followed	 by	 their	 oxidation	 to	 the	 corresponding	
aldehydes.	 2-Methyl-[2,3-2H2]-propan-1-ol	 was	 synthesized	 from	 2-methyl-2-propen-1-ol	
(Sigma-Aldrich)	using	the	method	of	Lapsongphon	et	al.	(2015).	 	2-Methyl-[3,4-2H2]-butan-1-ol	
was	 synthesized	according	 to	 the	method	previously	described	 for	 the	 synthesis	of	3-methyl-
[3,4-2H2]-butan-1-ol	 with	 slight	 modification	 (Steinhaus	 and	 Schieberle,	 2005),	 as	 follows:	
Chlorotri	 (triphenylphosphine)-rhodium	 (Wilkinson’s	 catalyst,	 0.15	 g)	 (Aldrich),	 2-methyl-3-
buten-1-ol	 (0.950	 g,	 11.0	 mmol)	 (Aldrich)	 were	 placed	 in	 a	 pressure	 reactor	 equipped	 with	
stirring	bar	and	rubber	septum.	The	reactor	was	flushed	for	5	min	with	deuterium	gas	(40	psi;	
UHP	grade	99.995%;	isotopic	enrichment	99.7%;	Matheson	Tri-Gas,	Parsippany,	NJ,	USA)	using	
a	 needle,	 which	 was	 placed	 below	 the	 solution.	 The	 spent	 catalyst	 was	 removed	 by	
centrifugation	 after	 the	 reaction	 was	 complete.	 2-Methyl-[3,4-2H2]-butan-1-ol	 was	 obtained	



















at	 room	 temperature	 the	 reaction	 mixture	 was	 passed	 through	 a	 column	 of	 Florisil	 (10	 g)	
followed	by	an	additional	10	mL	of	1,2-dichloroethane	to	rinse	the	column.		The	final	solution	
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(approximately	 15	 mL)	 was	 used	 directly	 in	 SIDA.	 Concentration	 of	 the	 labeled	 aldehyde	











tube	and	 then	 spiked	with	10	μL	each	of	 the	various	 stock	 solutions	of	 labeled	 isotopes	 (see	
Table	4.2).	Then	deodorized	water	(3	mL)	and	pentane	(2	mL)	were	added.		The	tube	was	sealed	
with	a	PTFE-lined	cap,	shaken	vigorously	by	hand	for	5	min	and	then	centrifuged	at	7500	RPM	
for	 5	 minutes	 to	 separate	 the	 solvent	 and	 aqueous	 layers.	 The	 upper	 layer	 (pentane)	 was	
transferred	to	a	20	mL	vial	and	the	extraction	procedure	was	repeated	two	more	times	(2	mL	
pentane	each	time).	The	solvent	extract	(∼6	mL)	was	dried	over	anhydrous	sodium	sulfate	(∼	1	
g)	and	 then	concentrated	 to	∼100	µL	under	a	gentle	 stream	of	nitrogen	at	40	°C.	For	GC-MS	








The	MSD	conditions	were	as	 follows:	 capillary	direct	 interface	 temperature,	250°C,	 ionization	
energy,	70	eV,	mass	 range	35-200	amu;	EM	voltage,	 stune	=	200	V,	 scan	 rate,	5	 scans/s.	The	
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MSD	 was	 operated	 in	 the	 SIM/SCAN	 mode	 to	 enable	 greater	 sensitivity.	 Triplicate	 analyses	





Peaks	 area	 ratios	 and	 Rf	 values	 (Table	 4.1)	 were	 used	 to	 calculate	 concentrations	 of	 target	
analytes	as:	
	
!"#$ !" !" =  !"#$ !"#$ !"#$%!!"#$ !"#$!"
 ! !"## (!")!" ! !! ÷ !"# !"#$%& (!")	
	
Quantitation	by	stable	isotope	dilution/internal	standard	methods	using	derivatization-GC-MS	
Quantitation	 of	 Acetaldehyde.	 In	 the	 past	 we	 have	 found	 that	 acetaldehyde	 is	 difficult	 to	
quantitate	by	direct	 injection-GC-MS,	 resulting	mainly	 in	poor	precision.	 	 For	 this	 reason,	 the	





with	 10	 µL	 of	 an	 internal	 standard	 (IS)	 solution	 (2.935	 µg/µL	 of	 d3-propanal	 in	
dichloromethane).	 	 Then,	 50	 μL	 of	 a	 100	 mM	 solution	 of	 PFBHA	 was	 added.	 The	 tube	 was	
capped	(PTFE-lined	cap),	mixed	thoroughly,	and	then	allowed	to	stand	overnight	(in	the	dark)	at	




(recently	 purchased)	 acetaldehyde	 and	 the	 internal	 standard	 (d3-propanal)	 at	 the	 following	
mass	(analyte:IS)	ratios:		1:5,	1:3,	2:1,	1:1,	1:2,	1:3,	5:1.	Each	solution	was	derivatized	and	then	
analyzed	by	GC-MS.	 	 Response	 factors	 (Rf)	were	determined	by	 linear	 regression	of	 a	plot	of	
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peak	 area	 ratio	 versus	 mass	 ratio.	 Peak	 area	 ratios	 and	 Rf	 values	 were	 used	 to	 calculate	
concentrations	of	target	analytes	as	follows:	
	
Conc (µg/mL) = [Area(ion 209)acetaldehyde ÷ Area(ion 238)d3-propanal]  x 10.0 µg x Rf ÷ 0.5 mL 
	




GC/5973N	MSD.	 	 Extract	 (2	μL)	was	 injected	 in	 the	hot	 split	mode	 (260°C;	 25	mL/min	purge	
flow).	 	Separations	were	performed	on	a	Sac5	column	(30	m	length	x	0.25	mm	i.d.	x	0.25	µm	
film	 thickness,	 Supleco)	 at	 a	 helium	 flow	of	 1	mL/min.	 	Oven	 temperature	was	 programmed	
from	70°C	(5	min	initial	hold)	to	240°C	(10	min	final	time)	at	a	ramp	rate	of	4°C/min	to	100°C	








GC-MS.	 	 Here	 we	 applied	 a	 similar	 approach	 as	 described	 earlier	 for	 acetaldehyde	 for	 the	
determination	 of	 these	 three	 aldehydes	 using	 derivatization	 with	 O-(2,3,4,5,6-




Sample	 (7.00	mL)	 in	 a	50-mL	glass	 centrifuge	 tube	was	 spiked	with	50	µL	of	 a	 stock	 solution	











Calibration	 solutions	 were	 prepared	 by	 spiking	 a	 62.5%	 ABV	matrix	 with	 varying	 levels	 of	 a	
target	 analytes	 and	 isotopically	 labeled	 internal	 standards	 at	 the	 following	mass	 (analyte:IS)	
ratios:		1:5,	1:3,	2:1,	1:1,	1:2,	1:3,	5:1.	Each	solution	was	derivatized	and	extracted	as	previously	
described	 and	 then	 analyzed	 by	 GC-MS.	 	 Response	 factors	 (Rf)	 and	 y-intercept	 values	 were	
determined	by	linear	regression	of	a	plot	of	peak	area	ratio	versus	mass	ratio.	Peak	area	ratios	
and	 Rf	 values	 were	 used	 to	 calculate	 concentrations	 of	 target	 analytes	 as	 follows	 (2-
methylpropanal	for	example):	
	
Conc (µg/mL) = ([Area(ion 250)2-MPl ÷ Area(ion 252)d2-2-MP] – 0.14) x 31.9 µg x Rf ÷ 7.00 mL 
	
The	Rf	values,	y-intercept	and	 regression	coefficient	were	as	 follows:	 	Rf	=	1.92,	y-intercept	=	
0.14	 and	 R2	 =	 0.99+	 for	 2-methylpropanal	 (quant	 ion	 250)	 against	 d2-2-methylpropanal;	 Rf	 =	
0.990,	 y-intercept	 =	 1.2	 and	 R2	 =	 0.99+	 for	 2-methylbutanal	 (quant	 ion	 266)	 against	 d2-2-
methylbutanal	 (quant	 ion	 268);	 and	 Rf	 =	 1.33,	 y-intercept	 =	 0.030	 and	 R
2	 =	 0.99+	 for	 3-
methylbutanal	(quant	ion	281)	against	d3-3-methylbutanal	(quant	ion	283).		
	
GC-MS	 Analysis	 of	 PFBHA	 Oximes.	 GC-MS	 system	 consisted	 of	 an	 Agilent	 6890N	 GC/5973N	
MSD.	 	 Extract	 (2	 μL)	 was	 injected	 in	 the	 hot	 split	 mode	 (260°C;	 25	 mL/min	 purge	 flow).		
Separations	were	 performed	 on	 a	 Sac5	 column	 (30	m	 length	 x	 0.25	mm	 i.d.	 x	 0.25	 µm	 film	
thickness,	Supleco)	at	a	helium	flow	of	1	mL/min.	 	Oven	 temperature	was	programmed	 from	
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60°C	 (5	 min	 initial	 hold)	 to	 240°C	 (10	 min	 final	 time)	 at	 a	 ramp	 rate	 of	 4°C/min.	 MSD	
parameters	were	as	follows:	capillary	direct	interface	temperature,	250°C,	ionization	energy,	70	
eV,	mass	 range	 35-200	 amu;	 EM	 voltage,	 stune	 =	 200	 V,	 scan	 rate,	 5	 scans/s.	 The	MSD	was	
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described	 by	 van	 Den	 Dool	 and	 Kratz	 (1963).	 The	 retention	 index	 and	 odor	 quality	 for	 each	








RTX-wax	 column,	 seven	 compounds	 were	 tentatively	 identified	 (Table	 4.3):	 acetaldehyde,	 2-
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methylpropanal,	3-methybutanal,	acetal,	ethyl-2-methylpropanoate,	ethyl	2-methylbutanoate,	




which	 dilutions	 are	 analyzed	 to	 determine	 the	 most	 potent	 odorants	 within	 a	 sample,	 but	
differs	in	the	sample	preparation	step.	The	simplicity	of	the	sample	preparation	for	the	GCO-H	
method	 allows	 for	 the	 most	 volatile	 compounds	 to	 be	 analyzed	 without	 being	 lost	 during	
extraction	 methods,	 which	 is	 vital	 when	 trying	 to	 recreate	 the	 initial	 aroma	 impression	 of	
opening	a	bottle	of	rum.	Thus	far,	GCO-H	has	not	been	used	for	rum	aroma	or	flavor	analysis.	




Flavor	 dilution	 (FD)	 factors	 were	 calculated	 for	 each	 compound	 and	 sample	 by	 taking	 the	
highest	volume	tested,	5ml,	and	dividing	it	by	the	lowest	detection	volume	(Table	4.3).	In	AW	
and	DW,	the	compound	with	the	lowest	detection	volume	was	acetaldehyde	at	0.3125ml	and	
0.165ml,	 respectively,	 while	 acetaldehyde	 and	 ethyl	 3-methylbutanoate	 had	 the	 lowest	
detection	volume	in	AE12	at	0.3125ml,	thus	leading	to	these	compounds	having	the	highest	FD	
factor	 in	 the	 respective	 samples.	 FD	 factors	 provide	 insight	 into	 a	 compound’s	 odor	 potency	




headspace	 analysis,	 thus	 fourteen	 odorants	 were	 detected	 (Table	 4.4),	 including	 the	 seven	
identified	in	the	previous	decreasing	headspace	GCO	analysis.	Twelve	of	the	fourteen	odorants	
were	detected	 in	all	 three	samples,	while	ethyl	pentanoate	was	not	detected	 in	AE12	and	an	
unknown,	chocolate	smelling	compound	was	only	detected	 in	 the	 two	Appleton	Estate	 rums.	
There	 were	 two	 unidentified	 compounds	 eluting	 at	 8.86	 minutes	 and	 9.20	 minutes,	
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respectively.	The	compound	with	the	1192	retention	index	(RI)	had	a	fruity	odor	quality,	while	
the	 compound	 with	 an	 RI	 of	 1212	 had	 a	 chocolate	 odor	 quality.	 The	 chocolate	 smelling	











isotopologue	 was	 unavailable,	 thus	 the	 use	 of	 an	 internal	 standard	 compound	 of	 similar	
structure	was	used:	3-hexanol.		
	
Odor	 Activity	 Values	 (OAV)	were	 calculated	 for	 each	 compound	 in	 each	 rum	 by	 dividing	 the	
concentration	of	the	compound	in	the	sample	by	the	compound’s	respective	odor	threshold	in	
40-46%	ethanol	 in	water	 solutions,	as	 reported	 in	 literature:	 the	higher	 the	OAV,	 the	greater	
the	importance	to	the	overall	aroma	(Grosch	2001).	As	shown	in	Table	4.5,	3-methylbutanal	and	
ethyl	2-methylbutanoate	had	the	highest	OAVs	in	all	three	rums,	which	are	also	two	of	the	top	
five	 compounds	 with	 the	 highest	 OAVs	 previously	 reported	 in	 rum	 study	 by	 Franitza	 et	 al	
(2016b),	thus	suggesting	that	3-methylbutanal	and	ethyl	2-methylbutanoate	play	a	key	role	 in	
the	 rummy	 aroma.	 Ethyl	 acetate	 and	 acetaldehyde	 were	 shown	 to	 have	 the	 highest	
concentrations	in	all	three	rum	samples,	but	low	OAVs.	Compounds	with	an	OAV	less	than	one	
were	deemed	to	have	no	significant	effect	on	the	overall	aroma:	2-methylpropanal	 in	DW,	2-







any	 of	 the	 samples,	 is	 excluded	 from	 being	 significant	 to	 the	 rummy	 aroma.	 From	 the	
quantitation	 data	 reported	 in	 Table	 4.5,	 nine	 compounds	 fall	 within	 the	 rummy	 compound	
criteria:	 2-methylbutanal,	 3-methylbutanal,	 acetal,	 acetaldehyde,	 ethyl	 2-methylbutanoate,	
ethyl	2-methylpropanoate,	ethyl	3-methylbutanoate,	ethyl	butanoate,	and	ethyl	hexanoate.	Of	





with	 aldehydes	 (Plutowska	 et	 al.	 2010).	 Acetal	 has	 a	 fruity	 and	 green/melon	 aroma.	
Acetaldehyde	 has	 a	 pungent,	 sweet,	 and	 green	 odor	 quality,	 and	 is	 the	 product	 of	 alcohol	
oxidation	 (Xu	 et	 al,	 2017),	 which	 increases	 as	 a	 result	 of	 time.	 The	 strecker	 aldehydes,	 2-
methylbutanal	and	3-methylbutanal,	deliver	chocolate	and	malty	notes,	are	formed	during	the	









precise	concentrations,	but	 specifically	 their	 ratios	and	associations	 in	 relation	 to	each	other.	
Ethyl	2-methylbutanoate	is	an	ethyl	ester	formed	during	the	esterification	of	fatty	acids	during	




concentration	of	ethyl	2-methylbutanoate.	AE12	 is	aged	 for	12	years	before	bottling,	but	 the	
fact	that	the	concentration	is	not	extremely	high	in	this	sample	suggests	that	a	plateau	occurs	
at	some	point	during	the	fermentation	process	in	which	this	compound’s	concentration	will	no	
longer	 increase.	 This	 compound	 also	 had	 a	 high	 concentration	 in	 AW,	 suggesting	 that	 the	
filtration	process	didn’t	 have	 a	negative	effect	 on	 the	ester’s	 presence.	 The	 concentration	of	








the	rum	samples	of	 this	study	are	 in	some	agreement	with	 the	study	done	by	Nykänen	et	al.	















Pino	et	al.	 (2012).	As	mentioned	 in	the	previous	chapter,	many	of	 the	key	aroma	compounds	
found	in	dark	rum	are	imparted	by	the	oak	barrels	that	the	rum	is	aged	in,	but	these	are	either	
lost	or	the	intensity	is	drastically	decreased	during	the	charcoal	filtration	process	used	for	white	






























Target	Analyte	and	Internal	Standards	 IS	No.	 Ion	(a)	 Ion	(IS)	 Rf	 R2	 Mass	(ug)	IS	Added	
d8-ethyl	acetate	(IS-1)	 	 96	 	 	 	 93.2	
ethyl	acetate	 I-1	 88	 96	 0.764	 0.99+	 	
acetal	 I-1	 103	 96	 0.158	 0.99+	 	
2-methyl-1-propanol	 IS-2	 74	 59	 14.2	 0.99+	 	3-Hexanone	(IS-2)	 	 59	 	 	 	 114	





































































Table	4.3.	The	compounds	 identified	by	GCO-H	of	 three	 rum	samples:	Appleton	Estate	White	




Compound	 Odor	Quality	 RIwax	 RIDB5	 AW	 AE12	 DW	
acetaldehyde	 pungent,	sweet,	green	 567	 -	 16	 16	 32	
2-methylpropanal	 dark	chocolate	 821	 -	 4	 8	 1	
3-methylbutanal	 chocolate	 894	 -	 nd	 8	 2	
acetal	 fruity,	green	 888	 -	 8	 2	 16	
ethyl	2-methylpropanoate	 fruity,	sweet,	green	 964	 -	 8	 8	 4	
ethyl	2-methylbutanoate	 fruity,	candy,	sweet	 1058	 -	 4	 1	 2	












555	 x	 x	 x	
2-methylpropanal	 dark	chocolate	 813	 x	 x	 x	
acetal	 fruity,	fresh	 887	 x	 x	 x	
3-methylbutanal	 chocolate	 911	 x	 x	 x	
ethyl	2-methylpropanoate	 fruity	 958	 x	 x	 x	
ethyl	acrylate*	 rubber,	plastic	 994	 x	 x	 x	
ethyl	butanoate	 fruity,	bubblegum,	berry	 1038	 x	 x	 x	
ethyl	2-methylbutanoate	 fruity,	berry	 1057	 x	 x	 x	
ethyl	3-methylbutanoate	 fruity,	berry	 1071	 x	 x	 x	
3-methylbutyl	acetate	 fruity,	banana	 1121	 x	 x	 x	
ethyl	pentanoate	 fruity	 1137	 x	 nd	 x	
unknown	 fruity	 1192	 x	 x	 x	
3-methyl-1-butanol*	 chocolate	 1212	 nd	 x	 x	





























AW	 AE12	 DW	 AW	 AE12	 DW	
3-methylbutanal	 2.8	b	 413	c	 2260c	 750	c	 102	 543	 195	
ethyl	2-methylbutanoate	 0.22	b	 58	c	 70	c	 10	d	 276	 318	 43.8	
2-methylpropanal	 5.9	b	 163c	 1460	c	 0	c	 19	 173	 0	
ethyl	3-methylbutanoate	 1.6	b	 10	e	 120	c	 20	d	 13.3	 75	 12.7	
ethyl	2-methylpropanoate	 4.5	b	 323	c	 318	c	 92	e	 74	 70.7	 20.4	
ethyl	butanoate	 9.5	b	 310	e	 430	c	 319	c	 33.4	 45.3	 33.6	
acetal	 719	b	 8970	c	 18100	c	 8950	c	 12.5	 25.2	 12.4	
2-methylbutanal	 33	f	 536	c	 1021	c	 445	c	 12	 22	 8.9	
2-methyl-1-butanol	 6100	 2072g	 106920	 49830g	 <1	 17.5	 8.2	
ethyl	pentanoate	 11	f	 20	e	 88	c	 9	c	 1.6	 8	 <1	
acetaldehyde	 19200	h	 27700	c	 79000	c	 36200	c	 1.5	 4.1	 1.9	
3-methyl-1-butanol	 56100	 4145g	 213840	 99660g	 <1	 3.8	 1.8	
ethyl	hexanoate	 30	b	 35	c	 81	c	 80	g	 2.9	 2.7	 2.7	
3-methylbutyl	acetate	 245	b	 910	c	 257	c	 93	c	 3.7	 1	 <1	
2-methylpropyl	acetate	 922	i	 74	e	 168	c	 26	e	 <1	 <1	 0	
ethyl	acetate	 32600	i	 79900	c	 21400	c	 79300	c	 2.5	 <1	 2.4	
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The	purpose	of	 this	 research	was	 to	better	understand	 the	use	of	odor	objects	 in	 flavor	 and	
fragrance	 development	 by	 using	 rum	 aroma,	 or	 rummy	 aroma,	 as	 the	 applied	 subject.	 	 This	
included	analyzing	 the	aroma	profile	of	 various	 rums	 that	were	deemed	 rummy	by	a	 trained	
rum	panel	and	by	determining	the	compound	commonality	among	the	selected	rum	samples.	
The	creation	of	a	rummy	aroma	recombinant,	of	a	select	few	key	compounds,	was	the	end	goal	





that	 the	 number	 of	 samples	 evaluated	 played	 a	 role	 in	 this,	 as	 well	 as	 the	 sensory	 fatigue	
effects	 that	alcoholic	beverages	have	on	the	human	nose.	While	 the	results	gave	evidence	of	
rum’s	having	 a	distinctive	 aroma	 from	other	 alcoholic	 beverages,	 the	degree	of	 similarity	 for	
rum	and	whisky	was	rather	close.	It	may	prove	useful	to	further	evaluate	the	aroma	distinction	
of	 just	 rum	 and	 whisky	 from	 a	 sensory	 perspective,	 to	 give	 even	 more	 insight	 on	 what	
distinguishes	rum’s	unique	aroma.		
	
Nine	 compounds	 were	 identified	 as	 important	 to	 the	 rummy	 aroma,	 by	 a	 combination	 of	
decreasing	 headspace	 gas	 chromatography-olfactometry	 (GCO-H),	 headspace	 solid	 phase	
microextraction	 gas	 chromatography-olfactometry	 (HS-SPME	 GCO),	 stable	 isotope	 dilution	
assay	(SIDA)-gas	chromatography	mass	spectrometry	(GC-MS),	and	by	the	calculation	of	flavor	
dilution	 (FD)	 factors	 from	 GCO-H	 and	 odor	 activity	 values	 (OAVs)	 based	 on	 the	 quantitation	
data.	 	 These	 consisted	 of	 2-methylbutanal,	 3-methylbutanal,	 acetal,	 acetaldehyde,	 ethyl	 2-
methylbutanoate,	 ethyl	 2-methylpropanoate,	 ethyl	 3-methylbutanoate,	 ethyl	 butanoate,	 and	








of	 a	 rummy	 model	 proved	 to	 be	 more	 difficult	 than	 initially	 expected.	 Total	 aroma	
recombination	 of	 the	 quantitation	 data	 created	models	 that	were	 far	 off	 from	 the	 intended	
target.	Instead	of	taking	on	a	new	odor	quality	(rumminess),	the	models	were	perceived	as	an	
elemental,	heterogeneous	mixture	 in	which	 the	 individual	odorants	maintained	more	of	 their	
typical	odor	qualities.	Future	 research	should	evaluate	 the	compound-compound	 interactions	
each	compound	has	on	each	of	the	others	within	the	mixture,	starting	with	binary	interactions	
and	 increasing	 the	 mixture	 complexity	 until	 all	 interactions	 have	 been	 analyzed	 by	 sensory	



















































		 		 		 Concentration	(μg/mL,	ppm)	
Target	Analytes	 Cncn	(μg/mL,	n	=	3)	 %RSD	 AW1	 AW2	 AW3	
acetaldehyde	 28.3	 4.8	 29.1	 26.8	 29.2	
2-methylpropanal	 0.112	 1.9	 0.113	 0.113	 0.109	
2-methylbutanal	 0.392	 8.2	 0.396	 0.358	 0.422	
3-methylbutanal	 0.285	 6.4	 0.288	 0.301	 0.265	
ethyl	acetate	 79.9	 6.9	 80.8	 85.0	 74.0	
acetal	 8.97	 5.5	 8.84	 9.52	 8.57	
2/3-methyl-1-butanol	(mix)	 8.10	 39	 6.17	 11.7	 6.39	
ethyl	propionate	 0.722	 5.5	 0.67	 0.72	 0.75	
ethyl	2-methylpropanoate	 0.333	 7.1	 0.301	 0.320	 0.348	
2-methylpropyl	acetate	 0.0919	 9.7	 0.068	 0.071	 0.084	
ethyl	butanoate	 0.317	 10	 0.290	 0.294	 0.347	
ethyl	2-methylbutanoate	 0.0607	 1.5	 0.0586	 0.0582	 0.0569	
ethyl	3-methylbutanoate	 0.0231	 5.7	 0.0115	 0.0106	 0.0132	
3-methylbutyl	acetate	 0.918	 3.0	 0.909	 0.877	 0.932	
ethyl	pentanoate	 0.0179	 11	 0.0153	 0.0159	 0.0191	































		 		 		 Concentration	(μg/mL,	ppm)	
Target	Analytes	 Cncn	(μg/mL,	n	=	3)	 %RSD	 AE12-1	 AE12-2	 AE12-3	
acetaldehyde	 78.0	 7.9	 77.2	 84.5	 72.3	
2-methylpropanal	 1.02	 4.6	 1.08	 1.00	 0.991	
2-methylbutanal	 0.715	 3.7	 0.722	 0.686	 0.737	
3-methylbutanal	 1.52	 5.3	 1.60	 1.51	 1.44	
ethyl	acetate	 21.4	 18	 25.8	 20.2	 18.2	
acetal	 18.1	 19	 22.1	 16.6	 15.5	
2/3-methyl-1-butanol	(mix)	 324	 0.75	 325	 322	 327	
ethyl	propionate	 1.74	 7.2	 1.59	 1.83	 1.78	
ethyl	2-methylpropanoate	 0.318	 10	 0.279	 0.340	 0.334	
2-methylpropyl	acetate	 0.168	 9.3	 0.154	 0.164	 0.185	
ethyl	butanoate	 0.430	 3.0	 0.415	 0.437	 0.439	
ethyl	2-methylbutanoate	 0.0699	 2.9	 0.0676	 0.0709	 0.0712	
ethyl	3-methylbutanoate	 0.120	 5.9	 0.117	 0.115	 0.128	
3-methylbutyl	acetate	 0.257	 9.9	 0.251	 0.234	 0.284	
ethyl	pentanoate	 0.0875	 5.5	 0.0930	 0.0858	 0.0839	






























		 		 		 Concentration	(μg/mL,	ppm)	
Target	Analytes	 Cncn	(μg/mL,	n	=	3)	 %RSD	 DW1	 DW2	 DW3	
acetaldehyde	 37.2	 2.6	 37.6	 38.0	 36.1	
2-methylpropanal	 0.00	 0.0	 0.00	 0.00	 0.00	
2-methylbutanal	 0.293	 4.5	 0.278	 0.296	 0.304	
3-methylbutanal	 0.545	 7.6	 0.509	 0.536	 0.591	
ethyl	acetate	 79.3	 2.7	 78.5	 77.7	 81.7	
Acetal	 8.95	 0.56	 8.90	 8.96	 9.00	
2/3-methyl-1-butanol	(mix)	 131	 28	 91.0	 138	 163	
ethyl	propionate	(broad	peak)	 0.662	 21	 0.576	 0.824	 0.586	
ethyl	2-methylpropanoate	 0.0920	 13	 0.102	 0.0793	 0.0943	
2-methylpropyl	acetate	 0.0260	 14	 0.0228	 0.0301	 0.0251	
ethyl	butanoate	 0.319	 6.9	 0.294	 0.329	 0.334	
ethyl	2-methylbutanoate	 0.00963	 21	 0.00786	 0.00913	 0.0119	
ethyl	3-methylbutanoate	 0.0203	 20	 0.0239	 0.0211	 0.0158	
3-methylbutyl	acetate	 0.0931	 10	 0.0896	 0.0860	 0.104	
ethyl	pentanoate	 0.00913	 40	 0.0105	 0.0119	 0.00494	
ethyl	hexanoate	 0.0797	 3.1	 0.0783	 0.0781	 0.0825	
	
	
